Photonic crystal (PC) devices in the InP/InGaAsP/InP planar waveguide system exhibiting narrow bandwidth features were investigated for use as ultrasmall and tunable building blocks for photonic integrated circuits at the telecom wavelength of 1.55 μm. The H1 cavity, consisting of a single PC-hole left unetched, represents the smallest possible cavity in a dielectric material. The tuning of this cavity by temperature was investigated under the conditions as etched and after the holes were infiltrated with liquid crystal (LC), thus separating the contributions of host semiconductor and LC-infill. The shift and tuning by temperature of the MiniStopBand (MSB) in a W3 waveguide, consisting of three rows of holes left unetched, was observed after infiltrating the PC with LC. The samples finally underwent a third processing step of local wet underetching the PC to leave an InGaAsP membrane structure, which was optically assessed through the ridge waveguides that remained after the under etch and by SNOM-probing.
INTRODUCTION
Recently, Photonic crystals 1 (PCs) have received much attention for applications in photonic integrated circuits (PIC). Part of the attractiveness of PCs is the large range of functionalities for light manipulation, e.g. guiding, localization, dispersion engineering, filters, couplers etc. For PIC applications, operating at telecom wavelengths, a practical implementation of PCs is a triangular array of holes deeply etched into a low vertical index contrast InP/InGaAsP/InP slab waveguide, 2 i.e. a planar of quasi 2D PC. The field is confined in the out-of-plane direction since the InGaAsP core layer has a slightly higher refractive index than the InP cladding layers. The advantages of this approach are a better structural integrity and heat dissipation as compared to membrane type PCs, particularly for active devices. The use of low vertical index contrast waveguides represents a considerable technological challenge, since very high aspect ratio holes have to be achieved.
Most PC applications require the use of introduced defects to obtain structures with increased or specific functionality. These intended "defects" may be achieved either by lithographic means during fabrication or by post-production methods. The latter methods include infiltration and use of micro-electromechanical systems. The method of post-production tuning is particularly interesting due to the diversity of the possible infills, which may be both passive and active materials. Recently, a number of experiments have been performed using liquid crystals (LC), 3, 4 several types of polymers [5] [6] [7] and chalcogenide glasses. 8 An added advantage of these tuning methods is the possibility of quick and reversible prototyping in the sense of breadboard-type devices.
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Many PIC components such as low-threshold lasers 11, 12 or drop filters 13 require sharp spectral features with minimum component-size. Since the smallest obtainable mode volume with dielectrics is of the order of the cube wavelength, the H1 cavity, i.e. size of one unit cell in a PC, seems a natural device choice. H1 cavities or modifications thereof, 14 were only reported in high vertical refractive index contrast systems such as suspended membranes in air and for AlGaAs/GaAs half membrane structures 15 so far.
Other relevant PIC components include the PC waveguide. It is not only useful for transport of light but it also has large potential for devices functionalities, such as wavelength division demultiplexing. 16 The W3 (three rows of holes left unetched) PC waveguide is of particular interest since it is the smallest PC waveguide which displays a mini-stopband (MSB) in the center of the band gap.
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In this work we investigate by transmission spectroscopy the properties of the H1 cavity and the W3 PC waveguide in the deeply etched InP/InGaAsP/InP system before and after infiltration with LC. Subsequently, the spectral features of both devices are tuned by variation of the temperature, exploiting the large temperature dependence of the LC refractive index. Though the W3 PC waveguide and its properties has been reported for the InP/InGaAsP/InP system, tuning of the MSB feature has not been reported.
Scanning near-field microscopy (SNOM) and infra-red microscopy is used to image the scattered and evanescent fields after wet-chemical underetching of the deeply etched devices.
EXPERIMENTAL
PCs were fabricated by etching a triangular lattice of holes into an InP/InGaAsP/InP slab waveguide, consisting of a 0.5 μm InP cladding layer on top of 0.5 μm InGaAsP core layer on an InP substrate. The core layer has a refractive index of 3.35 and the cladding layers have refractive index of 3.17. The etching of the approximately 2.5 μm deep holes, with 200 nm diameter was achieved with Cl 2 /O 2 chemistry using inductively coupled plasma (ICP) reactive ion etching (RIE), see figure 1. The air filling fraction, f, of the holes was designed to be 0.3. The SEM picture displays a cross-section of a typical device used for transmission spectroscopy. For the fabrication of the 2.5 μm wide access ridge waveguides (RWGs), two processes were employed. In one RWGs were etched in the same process as the PC holes. In the other RWGs were produced in a two step process, in which alignment markers were etched in the same step as the holes. In the next step the holes are covered with a new 400 nm thick SiN x hard mask layer. Due to the isotropic nature of the SiN x deposition process, the holes are not filled with the SiN x , but a nearly flat layer is formed, covering the holes. Since the markers are of considerable size, they remain visible also after application of a second electron beam resist layer. With this two-step process waveguides and PCs can be etched using different processes. The process for etching holes yields very high ridges and generally is not optimum for low RWG losses. Using electron beam lithography for the second step results in good alignment accuracy (< 100 nm) with respect to the PC. In principle the second step could be partly replaced by optical lithography, to reduce electron beam exposure time. Transmission spectroscopy was carried out using an end-fire technique using a tunable laser in the range of 1470 nm to 1570 nm in TE polarization.
Several structures were fabricated by leaving holes unetched. These include the H1 (a single unetched hole) and W3 (three rows unetched) waveguide. After PC and waveguide fabrication, the devices were first optically characterized. As a next step, the PCs were infiltrated with the liquid crystal (LC) K15 (5CB). This LC has a crystalline to nematic transition temperature, T cn , of 23°C and a nematic to isotropic transition or clearing temperature, T ni , of 35.4°C. In the nematic state the LC-K15 is birefringent with n o = 1.516 and n e = 1.682 as the ordinary (electric field perpendicular to the average orientation of the LCs) and extraordinary refractive indices respectively, at a wavelength of 1.5 μm. In the isotropic state, the refractive index at T = 40°C is n i = 1.575. Exploiting the relatively large change of the refractive index due to the nematic to isotropic transition, the spectra of the defect structures were tuned.
Transmission spectroscopy is carried out on both the H1 cavity and the W3 PC waveguide devices before and after infiltration and as a function of temperature. Measurement of the unfilled devices at elevated temperature is important to quantify the change of refractive index with temperature of the semiconductor layer stack. In order to determine the infiltrated fraction of the holes (infiltration efficiency), the devices were measured after filling, at a temperature above T ni . Above T ni the refractive index may be assumed equal to the isotropic value, n i , thus the infiltration efficiency may be determined by fitting the spectral features of the measured spectrum with 2D-Finite Difference Time Domain (FDTD) simulations. In order to combine membrane devices, which generally have sharper spectral features than deeply etched devices, with conventional RWGs, the cladding layers were chemically etched away using a solution of HCl in water (1:4), leaving an InGaAsP suspended membrane. Despite the 10 μm deep trenches and narrow RWGs, the RWGs were not completely underetched, except for approximately 50 μm stretches near to the cleaved sample edges as well as close to the PC, see figure 2. Underneath the PC the SEM picture shows a trapezoid structure, however, the PC was verified to be suspended above this trapezoidal structure by careful inspection under different angles and of broken structures. A qualitative sketch of the cross-section along the waveguide, based on SEM data is given in figure 2 (b). The precise shape of the underetch, caused by peculiarities of the anisotropic InP wet etching is not relevant for the performance of the membrane and is not analyzed further.
Prior to infiltration, the samples were chemically treated to improve the wetting angle, an important parameter for infiltration succes. First an oxygen plasma was employed to clean the surface from possible organic dust particles accumulated on the surface. Subsequently, the surface oxides were removed using a solution of 10% phosphoric acid in water and the sample was thereafter rinsed with isopropanol which improves the wetting by the LC. In order to increase the infiltration efficiency both the LC and sample were introduced into an evacuated chamber. This practice makes sure that no air is trapped inside the air-holes and no air-bubbles remain in the LC. The LC was heated above the clearing temperature and deposited onto the surface as a large droplet.
RESULTS

H1 cavity
The transmission spectrum of the H1 (SEM detail in figure 3a) ) resonance is shown in figure 3c ) curve 1. The bold line indicates a Lorentzian fit of the resonance envelope, yielding a Q-factor of 65. Due to the presence of the access RWGs a large beat and fine Fabry-Perot (FP) fringes (resolved in figure 3b) ) are observed. These FP fringes correspond to the approximately 1 mm long FP cavities formed in the access RWGs between the cleaved end facets and the PC. The beat is due to the length difference of the entrance and exit waveguide, on the order of 50 μm.
So far, result for the H1 cavity in the InP-system have only been reported for membranes with relatively high filling factors. The Q-factor found for our deeply etched device is similar to values found for membrane devices. For InP membranes a Q-factor of 70 for f = 0.43 and Q = 100 for f = 0.55 18 is obtained. For GaAs-based devices higher values are found, respectively 270 and 250 for AlGaAs/GaAs half-membranes 15 and GaAs membranes.
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For membrane devices generally much higher values are found after slight rearrangement of the H1 cavity nearest neighbor holes.
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Theoretically, the H1 defect cavity displays a single degenerate resonance in the middle of the bandgap, for moderately low filling factors (<0.38).
18, 21 The mode in figure 3 therefore corresponds to the dipole mode. This dipole mode is known to have a relatively low Q-factor. 22 In applications where very high Q-factors are important, the hexapole mode, which is only available for high filling factors or after rearrangement of holes, 23 is often used.
To obtain an estimate for the reflectivity of the PC mirrors, the expression for a one-dimensional FP-type cavity with one row of missing holes will be used. The FP cavity is only confined in one dimension, while the H1 cavity is confined in two dimensions, therefore the H1 cavity is expected to yield higher losses. This analysis will thus yield a lower bound on the reflectivity. The reflectivity can be calculated from Q = mF = mπ √ R/(1 − R), with m = 3, the mode number associated with the cavity length, F the finesse and R the reflectivity. The mode number is taken as 3 times the lattice constant, consistent with FP-type cavities. 24 This number, which seems rather high, is due to the penetration depth of the electric field into the PC cladding. From this, the reflectivity, R, is estimated to be approximately 0.85.
The measured Q-factor compares favorably to previously reported results of FP-type cavities in deeply etched InGaAsP, consisting of a PC with one row of missing holes, where Q-factors of 20 to 30 were found.
2 More recently, however, optimization in etching (Chemically Assisted Ion Beam Etching (CAIBE)) resulted in an increase of the Q-factor for these FP-type defect cavities to approximately 300.
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Given that improved etching for FP-cavities, as mentioned above, has led to a dramatic increase of the Qfactor, it is likely that a similar improvement of the Q-factor may be possible for H1-cavities in these deeply etched systems.
After infiltration with LC the spectrum of the H1 cavity was again measured, see figure 3(c), curve 2. A large frequency shift of Δ(a/λ) = 8 · 10 −3 was observed compared to the uninfiltrated case (figure 3(c), curve 1). The Q-factor decreased as a result of the infiltration to 35. Also, a considerable increase of the transmission level with a factor of 5 was found. This is attributed to the increased coupling to the incoming waveguide mode. As a result of the decrease of the refractive index contrast the confinement is reduced and the modal pattern dramatically expands, giving rise to a larger modal overlap with the waveguide, see figure 4 .
To demonstrate the feasibility of tuning, the temperature was varied across the nematic to isotropic transition of the LC, which results in a step-like change of refractive index of the LC. Figure 3(c) , curve 2 through 5 show the resonance at four relevant temperatures. At room temperature (RT) (1) the LC is in the nematic state, just above the transition from the crystalline state. From 30°C (3) to 40°C (5) the LC is driven from the nematic state to isotropic state, with the measurement at 35°C (4) being close to the clearing temperature. Taking the nematic state (RT) as a reference (black vertical line), a redshift of 7±1 nm is consistently observed when crossing the clearing temperature. Note that increasing the temperature from 35°C to 40°C shows no shift, indicating that the LC is in the isotropic state. A comparable redshift of the resonance frequency was also found for FP-type cavities. 4 For empty cavities a redshift of 3 nm is found for a temperature variation from RT to 40°C, in agreement with the expected refractive index variation of InGaAsP.
The LC filling efficiency can be found by fitting the 40°C spectrum with 2D FDTD calculations with the effective refractive index of the slab waveguide, since the refractive index of the LC in the isotropic state is known. This fit yields a filling efficiency of 0.6. Combining this value with the 2D-FDTD fits of the 30°C (LC nematic state) spectrum yields a refractive index of 1. a director field orientation near-parallel to the hole axis. However, given the large uncertainties strong claims with respect to the orientation cannot be made.
W3 PC waveguide
The W3 PC waveguide is an important device since it displays a sharp MSB in the center of the bandgap. The MSB originates from coupling between the fundamental mode and a higher order counter-propagating mode.
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This coupling effect generally occurs when the dispersion curves of modes of equal parity cross, and produce an anti-crossing behavior. 16, 17 In the case of the W3 waveguide the fundamental mode is even and will thus only couple to the even, higher order mode. The anticrossing leads to a minigap in the waveguide modes, which is visible as a narrow dip in the transmission spectrum. Due to this coupling effect, the group velocity of the modes directly near the anti-crossing frequency is very low. The propagation occurs in a FP-like mode, bouncing between the PC mirrors. These modes have a strong interaction with the PC, thus yielding high losses. The total width of the MSB dip is a combination of the stopband and increased losses adjacent to the stopband.
In figure 5 (a) the transmission spectrum of a W3 PC waveguide with MSB is shown before (black line) and after (grey line) infiltration. The inset displays a SEM micrograph of the device. The features present in the trenches defining the tapered waveguides are due to improper implementation of proximity effect corrections of the electron beam lithography process, and should be ignored. The RWGs are tapered to match the size of the PC waveguide to reduce coupling loss. Both before and after infiltration the sharp transmission dip, indicating the MSB is observed. As a result of the LC infiltration in the holes the MSB feature is red-shifted by 30.3 nm. Also, the overall transmission is increased by a factor of 2, which is attributed to reduced out-of-plane losses of the fundamental mode.
After the LC infiltration the shift of the MSB feature was investigated with respect to the temperature at five relevant temperatures. Close to the crystalline to nematic transition (RT), in the nematic state (30°C), near the clearing temperature (35°C) and well into the isotropic state at 40°C and 45°C. As the temperature is raised from RT to 30°C no shift is found. Raising the temperature further, to 35°C, a 8 nm redshift of the MSB feature is observed, associated with the refractive index change when crossing the clearing temperature. Further increase of the temperature does not lead to an additional shift.
Due to the temperature change the refractive index of the host semiconductor is also changed. However, since this effect is gradual and is estimated to be around 3 nm over the whole temperature range, it can be concluded that the observed shift is primarily caused by the refractive index change of the LC.
By fitting the measured spectrum at 40°C and assuming an isotropic refractive index of 1.575 the filling efficiency is found to be approximately 0.8. This value is substantially higher than found for the H1-cavity (∼ 0.6). As both devices were fabricated on the same sample the filling efficiencies were expected to be similar, however, it is known that the wetting properties of the LC depend critically on the exact chemical state of the surface, which may vary across the sample. Fitting the MSB feature using 2D-FDTD simulation at RT, with the LC in its nematic state, yields a refractive index of 1.37. Taking the filling efficiency into account a nematic refractive index of 1.5, indistinguishable from n o , is found, consistent with the findings for the H1-cavity. Although no strong claims can be made due to the large uncertainties, this suggest a LC director field perpendicular to the hole axis in the nematic state.
Microscopy
Infrared microscopy and SNOM measurements were carried out on deeply etched samples that underwent a wet chemical underetch, removing the InP claddings, to realize an InGaAsP membrane PC (see figure 2) . Note that the RWGs are not completely underetched, remaining functional for transmission spectroscopy. Since these devices were fabricated as deeply etched devices the resulting membrane is no longer single mode with respect to the thickness. Thick membranes are usually avoided since the bandgap is closed due to the appearance of a second order guided mode. Recently, however, it was shown that thick membranes are useful for high-Q cavities.
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For the present experiment, a deeply etched sample which did not show photonic band features due to poor hole quality was selected for underetching. This will eliminate the influence of the possible poor quality of the deep parts of the holes. After the underetching the airband edge was recovered (see figure 7(d), proving that the quality of the cladding layer is of the utmost importance in deeply etched structures. The dielectric edge was not available in the lithotuned structures. The data illustrate that membrane devices can be easily combined with conventional RWGs standard PIC. The properties of PCs may dramatically improve after underetching.
In order to have an indication on the light scattered by the underetched structure particularly at the transition from ridge to suspended membrane, infra-red images were taken with a microscope objective (see figure 6 ). Subfigures b) and d) show a visible light image of the structure in two focal planes. In image d) the focus is on the top of the RWG, while b) shows the focus on the bottom of the trenches, showing clearly the partially underetched RWG. Subfigure a) and c) display the infra-red scattered light from the structure in the air band and band gap respectively. In dashed lines the topography of the sample is highlighted for clarity. Note that the light is coupled in from the top RWG. The patterns as indicated by subfigures a) and c) exhibit the same features. They indicate a considerable scattering at the transition from bridge-type waveguide to RWG, despite that the wet etching leads to a natural smooth transition, see figure 2(b). In addition strong scattering is seen from the PC device itself. Also, quite a large portion of the light apparently is scattered by the PC in almost perpendicular directions, exiting the sample at the next device structure. The reflective properties of the PC are emphasized when comparing the air-band image (a) to the bandgap image (c). In the band gap the light exiting the structure after the PC is severely reduced, while light outcoupling is increased from the other scattering locations.
Before underetching, no light could be measured in the SNOM setup due to the thick cladding, strongly reducing evanescent fields. Figure 7 shows the result obtained by SNOM measurements after underetching. Subfigure a) schematically indicates the measurement configuration. An atomic force microscopy image shows both the orientation and the location of the SNOM pictures b) and c). The light is coupled in from the lower left side. 
CONCLUSIONS
In summary, an H1 cavity was fabricated in the deeply etched InP-system with a Q-factor of 65, comparable to FP-type cavities with PC holes of comparable quality. The cavity resonance was red-shifted by Δ(a/λ) = 8·10 −3 nm using LC infiltration, while the Q-factor was reduced with a factor of two. The infiltration efficiency was determined to be 0.6. Subsequent temperature tuning of the LC refractive index exhibited a further discrete shift 8±1 nm red-shift upon crossing the LC clearing temperature. On the same sample a W3 PC waveguide was produced exhibiting a MSB. The MSB feature was redshifted by LC infiltration by 30±1 nm, with an infiltration efficiency of 0.8. Temperature tuning experiments show a sudden 7±1 nm redshift at the nematic to isotropic transition temperature, consistent with the H1 cavity. The nematic refractive index of the LC in both devices is found to be indistinguishable from the ordinary index, approximately 1.5. Underetching of deeply etched device may be used to improve spectral features, since deeply etched devices display a large dependence on the quality of the holes in the claddings, removing the claddings result in membrane devices of reasonable quality.
